We describe inhibition of Mycobacterium tuberculosis topoisomerase I (MttopoI), an essential mycobacterial enzyme, by two related compounds, imipramine and norclomipramine, of which imipramine is clinically used as an antidepressant. These molecules showed growth inhibition of both Mycobacterium smegmatis and M. tuberculosis cells. The mechanism of action of these two molecules was investigated by analyzing the individual steps of the topoisomerase I (topoI) reaction cycle. The compounds stimulated cleavage, thereby perturbing the cleavage-religation equilibrium. Consequently, these molecules inhibited the growth of the cells overexpressing topoI at a low MIC. Docking of the molecules on the MttopoI model suggested that they bind near the metal binding site of the enzyme. The DNA relaxation activity of the metal binding mutants harboring mutations in the DxDxE motif was differentially affected by the molecules, suggesting that the metal coordinating residues contribute to the interaction of the enzyme with the drug. Taken together, the results highlight the potential of these small molecules, which poison the M. tuberculosis and M. smegmatis topoisomerase I, as leads for the development of improved molecules to combat mycobacterial infections. Moreover, targeting metal coordination in topoisomerases might be a general strategy to develop new lead molecules.
T uberculosis (TB) is a major health concern with 9 million new cases being added annually (1) . The disease claims approximately 1.4 million lives every year (2) . The etiological agent, Mycobacterium tuberculosis, requires a treatment regimen of four front-line drugs (pyrazinamide, isoniazid, rifampin, and ethambutol) for an initial 2-month period followed by isoniazid and rifampin treatment for an additional minimum of 4 months (1, 3) . Inadequate compliance to the treatment with the front-line drugs has led to the emergence of multidrug-resistant TB (MDR-TB) (1, 4) . MDR-TB needs treatment by second-line drugs, which include fluoroquinolones, aminoglycosides, etc. (1) . Insufficient treatment of MDR-TB due to a variety of reasons has contributed to the emergence of extensively drug-resistant TB (XDR-TB) (5) .
The drugs in use presently to combat the disease, such as rifampin, target RNA polymerase (6) , and quinolones and fluoroquinolones (FQs) target DNA gyrase (7, 8) . Various other molecules, including aminoglycosides, which target different steps of protein synthesis, also constitute a portfolio of molecules active against the pathogen. Despite the fact that the recently developed FQs gatifloxacin and moxifloxacin are effective against TB (9) , there is a concern for development of resistance against them (10, 11) . Hence, urgent efforts to develop new antitubercular drugs are underway, and, as a consequence, several other compounds for TB treatment are undergoing clinical trials (12, 13) . The prolonged time of treatment and the upsurge of strains resistant to the currently used drugs underscore the requirement for development of novel molecules which can inhibit the function of essential proteins (14) by interfering with their reaction, leading to the cytotoxicity.
DNA topoisomerases constitute one such essential class of enzymes which function to maintain topological homeostasis within the cell during a variety of DNA transaction processes such as replication, transcription, and chromosome segregation (15) . On the basis of their structure and mechanism, they are broadly classified as type I and type II (16, 17) . Bacterial type I DNA topoisomerases belong to the type IA subclass based on their reaction characteristics. They catalyze the relaxation reaction by forming a transient 5=-phosphotyrosine covalent adduct and change the linking number in steps of one by generating a single-stranded nick and passing the intact strand across the broken DNA strand held by the enzyme (15, 16) . In contrast, type II topoisomerases change the linking number in steps of two by generating a doublestrand break and passing the intact duplex DNA through the cleaved DNA gate (15, 18) . Several molecules which hamper the resealing of the topoisomerase II (topoII)-mediated DNA breaks have been characterized and clinically validated as drugs (19) (20) (21) . For example, DNA gyrase has been extensively exploited to develop antibacterial agents, and FQs stabilize the protein-DNA cleavage complex to induce severe cytotoxicity (22) . However, there is a dearth of such inhibitors of bacterial topoisomerase I. Molecules that trap the topoI-DNA covalent complex, causing DNA lesions and cytotoxicity, are currently needed. In this article, we report two molecules, imipramine and norclomipramine, that target mycobacterial topoI. Imipramine is a clinically used tricyclic antidepressant (23), while norclomipramine (also known as N-desmethylclomipramine) is the active metabolite of another tricyclic antidepressant, clomipramine (24) . The molecules were identified as likely inhibitors by in silico screening using a homol-ogy model of the enzyme. The molecules inhibit the DNA relaxation reactions catalyzed by topoisomerase I from M. tuberculosis and from M. smegmatis but not from Escherichia coli. Importantly, both the molecules perturb the cleavage-religation equilibrium of the relaxation reaction catalyzed by topoI and are active in a whole-cell assay against M. smegmatis and M. tuberculosis.
MATERIALS AND METHODS
Enzyme, DNA constructs, and compounds. M. tuberculosis topoisomerase I (MttopoI) (25) , M. smegmatis topoisomerase I (MstopoI) (26) , and E. coli topoisomerase I (EctopoI) (27) were purified as described previously. Norclomipramine and imipramine were purchased from SigmaAldrich (St. Louis, MO, USA), and a 10 mM stock was prepared in ultrapure H 2 O. A negatively supercoiled pUC18 plasmid DNA substrate for the relaxation assay was purified by Qiagen midiprep kits. For overexpression of TopoI in mycobacterial cells, both M. tuberculosis and M. smegmatis topoI genes were excised from their respective constructs, pAVN1 (25) and pPVN123 (26) , by digestion with NdeI and EcoRV and cloned into the pMIND vector (28) (29) . The bacterial topoII structure 2RGR and the topoIII structure 1I7D were also available. Therefore, a homology model for the EctopoI was initially created with the site open and with Mg 2ϩ bound by aligning topoI subdomains with topoIII subdomains. The Mg 2ϩ site was also generated from the topoIII residue coordinates. The MttopoI homology model with the gate open and Mg 2ϩ bound was created by using the same sequence alignment as that used for 1ECL in ModBase and the EctopoI homology model as a scaffold. This was achieved after downloading the sequence P0A620 in FASTA format and using the "align sequence to template" protocol in Discovery Studio (Biovia, San Diego, CA) (sequence identity 38.3 and sequence similarity 54.8). The model was used to create a homology model with Mg 2ϩ and a covalently bound DNA fragment. The DNA in this final topoI model is based on the DNA position in the EctopoII crystal structure 2RGR and was achieved using pyMOL (30) .
The MttopoI homology model with Mg 2ϩ and a DNA fragment bound in the open state was used for docking using LibDock (Discovery Studio) (31) . The proposed binding site was centered on Mg 2ϩ with an 8-Å diameter. The protocol included 10 hotspots and docking tolerance (0.25). The FAST conformation method was also used along with steepest descent minimization with CHARMm. Further parameters followed the default settings. A set of FDA-approved drugs was collected and exported from the Collaborative Drug Discovery database (Burlingame, CA). This and other previously described sets of drugs approved by the FDA (SCUT database [32, 33] ) were used for docking in the homology model. The molecules that scored well were visualized, and their two-dimensional (2D) interaction plots were generated and selected for follow-up. The model and complete Discovery Studio protocol used in docking are available from the authors upon written request.
DNA relaxation assay. The relaxation of supercoiled pUC18 DNA was carried out as described previously (34) . Briefly, 500 ng DNA was incubated with 1 unit of various type I topoisomerases for 30 min at 37°C in buffer containing 40 mM Tris-HCl (pH 8.0), 20 mM NaCl, 5 mM MgCl 2 , and 1 mM EDTA. The enzyme inhibition assays were carried out with a preincubation of the enzyme and increasing concentrations of the compounds at 37°C for 15 min, followed by the addition of the substrate DNA. After incubation at 37°C for 30 min, the samples were electrophoresed in a 1.2% agarose gel for 12 h at 2.5 V/cm and stained with ethidium bromide (EtBr) (0.5 g/ml), and the DNA bands were visualized using a gel documentation system (Bio-Rad, Hercules, CA, USA).
Oligonucleotide cleavage assay. Cleavage assays were carried out with a 5=-end-labeled 32-mer harboring the strong topoisomerase site (STS) annealed to a complementary sequence. The double-stranded substrate was preincubated with MttopoI in a buffer containing 40 mM Tris-HCl (pH 8.0), 20 mM NaCl, 1 mM EDTA, and 5 mM MgCl 2 on ice for 15 min. Following this, various concentrations of imipramine or norclomipramine were added, and the reaction mixtures were incubated at 37°C for 30 min. The reactions were stopped with 45% formamide and heating at 95°C for 2 min. The products were resolved by 12% denaturing PAGE and analyzed by phosphorimager. A similar assay was also carried out with the 5=-end-labeled single-strand specific 32-mer.
Growth inhibition. Mycobacterial cells (expressing normal levels of or overexpressing wild-type [WT] mycobacterial topoI) were grown to an optical density at 595 nm (OD 595 ) of 0.6 in Middlebrook 7H9 broth supplemented with 0.2% glycerol and 0.05% Tween 80. The culture was diluted to a final OD 595 of 0.05 with fresh medium and aliquoted into a 100-well growth plate. Serial dilutions of the compounds were added to the culture. The untreated culture was taken as a control. The growth was monitored at 595 nm with continuous shaking at 200 rpm. The readings were analyzed by GraphPad Prism software (version 5.0). To determine the MIC values of the compounds, a resazurin reduction microplate assay (REMA) (35) was carried out. The cultures were grown for 2 days for M. smegmatis or 7 days for M. tuberculosis in the presence of the compounds. Following this, resazurin dye was added to the cultures at a final concentration of 0.02% with further incubation for 1 h for M. smegmatis or for 14 h for M. tuberculosis. To assess the cell lethality of imipramine and norclomipramine, M. smegmatis cells were grown to an OD 595 of 0.6 to 0.8 and treated with 1ϫ, 2.5ϫ, and 5ϫ MICs of the molecules for 12 h. Following this treatment, serial dilutions of the cells were plated on Middlebrook 7H9 agar, and the CFU/ml values were determined. The untreated culture was taken as a control.
Combinatorial effect of imipramine and moxifloxacin on mycobacterial growth. In order to assess the effect of combining imipramine with a known type II topoisomerase poison, M. tuberculosis cells were grown in the presence of a sub-MIC of moxifloxacin and various concentrations of imipramine or vice versa. The cells were cultured at 37°C for 8 days following which resazurin dye was added to the cultures at a final concentration of 0.02% with further incubation for 14 h, and conversion of resazurin (blue) to resorufin (pink) was monitored to score the viability of the cells.
RESULTS
TopoI model and in silico screening. Various libraries of drugs approved by the FDA were docked into the homology model for MttopoI. Out of the 812 molecules tested, 88 were found to be docked and ranked by the LibDock score (range, ϳ46.4 to 126.3). The interaction of several compounds with the modeled MttopoI structure suggested that molecules with a favorable docking score might affect the enzyme function. Among them, norclomipramine (LibDock score of 95.2) (Fig. 1) and imipramine (LibDock score of 103) (Fig. 1) were selected for further biochemical and whole-cell-based studies.
Imipramine and norclomipramine specifically inhibit the activity of mycobacterial topoI. In order to determine the inhibitory potential of the molecules, DNA relaxation assays were carried out with MttopoI. Both of the compounds inhibited the activity of the enzyme. Assays with increasing concentrations of the inhibitors revealed a complete inhibition of the MttopoI activity at 0.1 M norclomipramine and imipramine (Fig. 2) . However, in assays carried out with EctopoI, no significant inhibition of DNA relaxation activity is seen, indicating that the molecules are likely to be specific inhibitors of the mycobacterial enzyme (see Fig. S1 in the supplemental material).
Antibacterial activity of norclomipramine and imipramine. Topoisomerases carry out the essential function of maintaining genome topology during DNA replication and transcription and are hence indispensable for cellular functions. To assess the cell growth inhibitory potential and specificity of inhibition of the compounds, M. smegmatis and M. tuberculosis cells were treated with various concentrations of norclomipramine and imipramine. M. smegmatis cells showed delayed growth at a 7 M concentration of norclomipramine, and the growth was completely inhibited at 30 M (Fig. 3A) . Similarly, cell growth was delayed at 60 M and completely inhibited at a 125 M concentration of imipramine (Fig. 3B) . The MIC values of norclomipramine and imipramine for M. smegmatis and M. tuberculosis were determined by the resazurin assay (35) (Fig. 3C, D , and E). The MIC values of norclomipramine were 30 M and 60 M for M. smegmatis and M. tuberculosis, respectively. Similarly, the MICs of imipramine for the two species were 125 M and 250 M, respectively. Thus, as with the growth studies, the M. smegmatis cells showed high susceptibility to the molecules. The observed differences in the MIC levels between the two species might be attrib- uted to various factors (see Discussion). Further, the cell lethality of the molecules was assessed by exposing exponential-phase M. smegmatis cells to various concentrations of the compounds. Compared to the untreated control, the CFU/ml value at 1ϫ MIC for both compounds showed a 2-log reduction, and at 5ϫ MIC, the CFU/ml value was reduced by 4 log values (Fig. 3F) . The reductions in the CFU/ml values at increasing concentrations thus indicated the cell-killing effect. Imipramine and norclomipramine stimulate DNA cleavage activity of topoI. Next, we addressed the mechanism of action of these molecules by carrying out assays on individual steps of the DNA relaxation cycle of the enzyme. The reaction catalyzed by topoI involves DNA binding, cleavage, and strand passage followed by religation. Binding of the molecules did not affect the binding of the enzyme to the DNA (data not shown). Next, cleavage assays were carried out using a double-stranded 32-mer harboring the strong topoisomerase site (STS) with MttopoI and different concentrations of the molecules. Imipramine and norclomipramine stimulated the topoI-mediated cleavage of the DNA by ϳ1.7-and 2-fold, respectively (Fig. 4) . When the stimulation of cleavage by the inhibitors was evaluated in the plasmid context, nicking and linearization of the plasmid molecule were observed at similar concentrations of the compounds (see Fig. S2 in the supplemental material). The compounds may act by primarily binding to the enzyme, the DNA, or the enzyme-DNA complex. In order to evaluate the preference for binding, addition reactions were carried out. The compounds affected stimulation of DNA cleavage more with the preformed protein-DNA complex than with preincubation with only the enzyme or DNA (see Fig. S3 in the supplemental material). According to the currently accepted model of action of FQs on DNA gyrase, the FQs primarily target the enzyme-DNA complex (36) . Although the imipramineand norclomipramine-induced cleavage is not as pronounced as that of FQs, the pattern is similar to the action of FQs on DNA gyrase.
Norclomipramine and imipramine affect the growth of cells overexpressing the enzyme. Stimulation of topoI-mediated DNA cleavage by imipramine and norclomipramine ( Fig. 4 ; see also Fig. 5A and C) . However, the cells overexpressing the enzyme were more susceptible to both compounds, and the growth was inhibited at lower concentrations of the molecules ( Fig. 5B and D) . Similarly, M. tuberculosis cells expressing normal levels of topoI exhibited MIC values of 125 M for norclomipramine and 250 M for imipramine while cells overexpressing the enzyme exhibited MIC values of 60 M for norclomipramine and 125 M for imipramine (see Fig. S4A and B in the supplemental material). The decreased MIC of the molecules in topoI-overexpressing cells is likely due to the stimulation of topoI-mediated DNA cleavage in vivo leading to cell death, indicating that the enzyme is the cellular target for the compounds.
Activity of the metal binding mutants is affected differently by the compounds. All type IA topoisomerases contain a TOPRIM domain in the amino-terminal region. The domain harbors the metal coordination motif DxDxE (37) . Mg 2ϩ coordination with these residues is essential for enzyme function. The mutations in these acidic residues lead to impairment in the catalytic activity and cytotoxicity (38, 39) , indicating that targeting the topoI through these residues may impair the enzyme function. In our earlier studies, we showed that the mutations of the individual amino acids, D108 and E112, of the motif in MstopoI to alanine resulted in 20-and 5-fold losses of activity, respectively (38) , while mutations of the acidic residues in MttopoI led to complete loss of activity (25) . In silico docking studies using the model of MttopoI indicated that imipramine and norclomipramine bind near the metal binding site of the enzyme (Fig. 1) . Binding of the molecules to the topoisomerase may be abrogated in the enzymes, harboring mutations in the metal binding site. In such a case, the metal binding mutants may show resistance to the inhibition by these molecules. Imipramine and norclomipramine were able to inhibit the activity of D108A at concentrations comparable to those for the inhibition of the WT enzyme (Fig. 6A) . In contrast, the relaxation activity of E112A was unaffected by either of the compounds (Fig. 6B) . From these results, it is apparent that the molecules interact with the enzyme in the TOPRIM region in the vicinity of the metal coordination motif, proximal to the E112 residue of the enzyme.
Combination of imipramine and moxifloxacin lowers the MIC value. Moxifloxacin is a well-known type II topoisomerase poison which targets mycobacterial DNA gyrase (40, 41) . The experiments described above indicated that imipramine poisons the topoI reaction. In order to assess the effect of targeting both gyrase of the molecules at 37°C for 15 min following which 500 ng of supercoiled pUC18 was added. The incubation was further continued at 37°C for 30 min, and the reactions were terminated by addition of 0.6% SDS-agarose dye. The reaction products were resolved on a 1.2% agarose gel followed by staining with EtBr. Lane 1, supercoiled pUC18; lane 2, relaxation reaction in the absence of the compounds; lanes 3 to 5, various concentrations (50 to 300 nM) of norclomipramine; lanes 6 to 8, various concentrations (50 to 300 nM) of imipramine.
and topoI, mycobacterial cells were exposed to combinations of moxifloxacin and imipramine. First, imipramine was used in a range of concentrations and moxifloxacin was used at a sub-MIC (i.e., 0.075 M). In such a combination, the MIC was lowered compared to that for the cells which were exposed to imipramine alone (see Fig. S5A in the supplemental material) . In a reciprocal experiment, moxifloxacin was used at various concentrations, and imipramine was kept at a sub-MIC (i.e., 125 M). Again, the MIC was seen to be lower than the MIC when the cells were exposed to moxifloxacin alone (see Fig. S5B in the supplemental material) . The reduction in the MIC might be a consequence of the enhancement of DNA breaks due to a combination of topoisomerase poisons targeting both enzymes.
DISCUSSION
M. tuberculosis is a formidable pathogen which evades the host defense system and continues to persist in the host (42, 43) . The organism efficiently manages its central metabolic pathways to successfully survive in the host environmental conditions. Several antimycobacterial agents target the essential metabolic pathways of the organism, viz. transcription, translation, and cell wall synthesis (44) . However, the emergence of MDR-TB and XDR-TB demands the discovery of novel drug targets and improved chemotherapeutic agents, which can reduce the time of treatment. MttopoI (Rv3646c), an essential enzyme for the bacterial growth (45) , offers one such potential candidate for a target. Currently, a sustained worldwide effort is underway to find small molecule inhibitors against eubacterial topoI. Here, we describe the specific inhibition of mycobacterial topoI by two small molecules identified by computational screening. Norclomipramine and imipramine inhibited mycobacterial topoI activity at concentrations not described so far for any bacterial type I topoisomerases. Studies with the metal binding mutants confirmed the in silico predic- tion that these molecules bind in the proximity of the TOPRIM domain. Moreover, these molecules stimulate the DNA cleavage activity and consequently show increased lethality in cells overexpressing topoI.
The stimulation of DNA cleavage observed when the molecules were incubated with a preformed enzyme-DNA complex suggests that they act on this reaction intermediate. Importantly, the stimulation of DNA cleavage might be visualized only in the context of double-stranded DNA. No stimulation of cleavage was observed with the single-stranded substrate (data not shown). However, the molecules do not seem to bind DNA on their own, but the DNAenzyme complex appears to be the preferred target. In this respect, the mode of their interaction is analogous to that of FQs. Although initially FQs were thought to bind DNA and inhibit DNA gyrase, now it has been established that they bind the DNA gyrase-DNA complex to arrest the reaction (46) (47) (48) (49) . Thus, the observed effect of the molecules when the cells overexpress topoI may be a consequence of increased accumulation of DNA breaks as seen with experiments described in Fig. 4 (see also Fig. S2 in the supplemental material). In the topoI overexpression strain, more topoI-mediated breaks might be generated, leading to enhanced cell death. The inhibitors of topoisomerases can be broadly classified into two categories: those which inhibit the enzyme reaction by binding to the enzyme or those which arrest the reaction, leading to double-strand breaks. The latter class, which includes fluoroquinolones, has attained success therapeutically as they not only inhibit the enzyme but also induce cell poisoning. Imipramine and norclomipramine are the first molecules which appear to function as eubacterial topoI poisons, albeit at a lower potency.
The difference seen in the MICs of the two molecules for M. smegmatis and M. tuberculosis is not very surprising. These species are known to exhibit different degrees of susceptibility to rifampin and other anti-TB drugs (50) . We have considered the following possibilities to account for the differential susceptibility to imipramine and norclomipramine. First, the differences in the cell wall and cell membrane composition between the pathogenic and the saprophytic mycobacterial species may contribute to the differences in the permeabilities of the molecules into the cell. Alternately, the difference in the topoI level between the two species might account for the observed difference in the MICs. Our recent estimates indicate that M. smegmatis has a higher level of topoI than M. tuberculosis (51) . Given that the molecules tested impair the cleavage-religation equilibrium and overexpression of topoI leads to lowering of the MIC ( Fig. 6 ; see also Fig. S4 in the supplemental material), the species with more enzyme should be more susceptible to these drugs. That was indeed the case.
Unlike E. coli and many other bacteria, which encode two type I and two type II topoisomerases, M. tuberculosis has a single type I and a single type II topoisomerase to carry out all the topological functions inside the cell. Thus, targeting both the essential enzymes simultaneously would hasten the cell death. Accordingly, in experiments where a combination of imipramine and moxifloxacin was used, the susceptibility of the cells was enhanced. Accumulation of DNA breaks brought about by poisoning both type I and type II topoisomerases simultaneously by molecules that are more efficient than the molecules used here to target topoI might be a step forward in countering mycobacterial and other eubacterial infections.
Earlier studies from our laboratory on the metal binding mutants of mycobacterial topoisomerase I revealed the role played by the triad of acidic amino acids within the TOPRIM domain in coordinating the Mg 2ϩ ion (25, 38) . The Mg 2ϩ binding mutants have been shown to be compromised in maintaining the cleavagereligation equilibrium, indicating that a disturbance in the metal coordination might abrogate the breakage and resealing mechanism of the enzyme. From these studies, we predicted that small molecules which target the metal binding motif might affect the enzyme activity (38) . Indeed, in the oligonucleotide cleavage assay with the wild-type enzyme in the presence of the molecules, stimulation of the cleavage reaction was observed (Fig. 4) . The mutation of the first aspartate residue, D108, to alanine did not affect the inhibition brought about by imipramine and norclomipramine, suggesting that D108 may not contribute significantly to the interaction of these molecules with the enzyme. In contrast, the E112A mutant was resistant to inhibition, indicating that the glutamate residue might be involved in the interaction between the molecules and the enzyme in the TOPRIM domain. Mg 2ϩ is an integral component in all topoisomerase reactions and is necessary for enzyme activity. The metal ion is not needed for the DNA cleavage but is important for the second transesterification reaction (38, 52) . The catalytic Mg 2ϩ is considered to be loosely bound with an ability to move within the enzyme (53) . If indeed the catalytic Mg 2ϩ is a "moving metal ion" (38, 53) , the inhibitor interacting at the E112 residue would likely hinder such movement, arresting the reaction. High-resolution structures of the enzyme-inhibitor complex would validate such a mode of action.
The reaction cycle of all topoisomerases involves a vulnerable step of formation of a protein-DNA covalent adduct, the accumulation of which leads to DNA strand breakage and inevitable cell lethality. A number of molecules target this most vulnerable step of the reaction of various topoisomerases. Hence, topoisomerase poisons, viz. fluoroquinolones, camptothecin, amsacrine, etc., have been successfully utilized in antibacterial and anticancer therapy. Imipramine and norclomipramine, the tricyclic antidepressants used in this study, also seem to act as topoisomerase poisons since they induce protein-mediated DNA breaks and affect the cell growth. They form the first set of molecules which poison mycobacterial topoI. They are also the first molecules described that target the metal binding pocket of a topoisomerase. Their activity against M. tuberculosis cells may potentiate further 7 and 10 and 11 , respectively) at 37°C for 15 min. Following this, 500 ng of supercoiled pUC18 was added to each reaction tube and incubated for an additional 30 min. The reactions were terminated by the addition of 0.6% SDS-agarose dye. The reaction products were resolved on a 1.2% agarose gel followed by staining with EtBr. Monoclonal antibody (mAb) 2F3G4, which inhibits the DNA relaxation reaction of mycobacterial topoisomerase I, was used as a positive control.
development of novel anti-TB agents. To sum up, we demonstrate the use of a computational docking approach to filter libraries of FDA-approved drugs to identify molecules as inhibitors of an essential target in M. tuberculosis. We illustrate the possibility of repurposing known drugs that are not antibacterials as potential agents against M. tuberculosis (54) . The use of combinations of agents may be even more desirable. Future lead optimization studies with imipramine and norclomipramine are necessary to increase the whole-cell potency while retaining the activity at the target.
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